Introduction
============

Periodontitis is a multifactorial disease associated with the destruction of the supporting structures of the teeth, such as the periodontal ligaments and alveolar bones, which affects millions of people each year.^[@bib1]^ Epidemiologic studies from many regions of the world have demonstrated that periodontitis typically affects individuals in different manners, and only 7--15% of the dentate adult population suffers from this destructive periodontal disease.^[@bib2]^ Although bacteria have been identified as the etiologic agents of periodontal disease,^[@bib3]^ there are several other factors that have important roles in its occurrence; for example, there is strong evidence that destructive processes occur as part of the host inflammatory response and are responsible for the majority of the hard and soft tissue breakdown, leading to the clinical signs of periodontitis.^[@bib4]^

There are many environmental risk factors that have been associated with the inflammatory response, such as stress, depression and anxiety. Chronic stress (CS) is an organic response involving increased sympathetic outflow and the activation of the hypothalamic-pituitary-adrenal axis as a result of emotional pressure suffered for a prolonged period, over which an individual perceives they have no control.^[@bib5]^ It involves an endocrine system response during which a release of corticosteroids occurs. Although the immediate effects of stress hormones are beneficial in particular situations, long-term exposure to stress leads to long-lasting sympathetic activity and high levels of the associated hormones, which suppress the immune system,^[@bib6]^ causing the acceleration of the process of periodontitis. The notion that CS fosters disease by activating the hypothalamic-pituitary-adrenal axis has featured prominently in many hypotheses. Over the past decade, increasing evidence has emerged from epidemiologic studies relating periodontitis to stress, depression and negative life events.^[@bib7]^ However, the associated underlying mechanisms are unclear.

When CS-triggered signaling reaches the ventromedial nucleus of the hypothalamus from the locus coeruleus, the sympathetic system can be activated, resulting in the release of catecholamine neurotransmitters.^[@bib8]^ These neurotransmitters can be identified by their tyrosine hydroxylase (TH)-positive statuses. Because TH is the enzyme responsible for catalyzing the conversion of catecholamine into norepinephrine (noradrenaline) and epinephrine (adrenaline),^[@bib9]^ the resulting adrenaline combines with its corresponding receptors and causes further intracellular signal transduction.

The adrenergic receptors (ARs) belong to a class of G protein-coupled receptors that are targets of the catecholamines, particularly norepinephrine (noradrenaline) and epinephrine (adrenaline).^[@bib10]^ Many cells possess these receptors, and the binding of a catecholamine to its receptor will generally stimulate the sympathetic nervous system. There are two main groups of ARs, α and β, and several subtypes.^[@bib11]^ Of these ARs, α1-adrenergic receptor (α1-AR) and β2-receptor (β2-AR) are generally considered to be involved in brain-immune communication.^[@bib12],[@bib13]^ Although a previous study has reported the effects of CS on the progression of periodontitis,^[@bib14]^ the associated mechanisms remain unclear.

The present study was designed to assess the roles of CS in the stimulation of the sympathetic nervous system and in the progression of periodontitis. Furthermore, the underlying mechanisms of periodontitis were also investigated.

Materials and methods
=====================

Antibodies and reagents
-----------------------

Unless otherwise mentioned, all reagents were purchased from Gibco (Grand Island, NY, USA). Stromal cell basal medium was purchased from Abcam (Cambridge, MA, USA). Phentolamine and propranolol (α1-, β2-adrenergic receptor (β2-AR) blockers) were obtained from Calbiochem (San Diego, CA, USA). Rabbit anti-TH polyclonal antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-β-actin antibodies were obtained from Upstate Biotechnology, Inc. (Lake Placid, NY, USA). Rabbit anti-α1-AR antibodies were purchased from Abcam. Anti-β2-AR antibodies were obtained from Sigma (St Louis, MO, USA). Monoclonal antibodies against vimentin and keratin were obtained from Cell Signaling Technology (Beverly, MA, USA). Horseradish peroxidase-conjugated goat anti-mouse and anti-rabbit antibodies were purchased from DakoCytomation (Glostrup, Denmark). Lipopolysaccharide (LPS) was purchased from Sigma.

Animals
-------

Thirty male Wistar rats (Charles River Laboratories, Wilmington, MA, USA) with an average initial weight of \~180 g were selected. The animals were acclimatized to the housing conditions over the following 4 weeks at 20--24 °C and 50--70% relative humidity with a 12-h light/dark cycle. Food and water were available *ad libitum*, except for those times when the CS was applied. The animals were assigned randomly to three experimental groups after weight stratification as follows: the control group (G1), ligature-induced periodontal disease group (G2) and CS-associated periodontal disease group (G3). Each group contained 10 rats.

Experimental periodontal disease
--------------------------------

All procedures were in agreement with the standards for the care of laboratory animals and were approved by the Medical Ethics Committee of the National Institutes of Health.

The animals in the control group were submitted to a sham procedure, whereas the other animals were administered general anesthesia using a 0.5 ml kg^−1^ intramuscular administration of ketamine hydrochloride (Ketanest; Parke-Davis, Berlin, Germany), and then, the maxillary first molars of each animal received a 0.20-mm nylon thread ligature (Ethicon, Johnson & Johnson, São Paulo, SP, Brazil) around the neck of the tooth in the dental gingival area to induce experimental periodontal disease as described by Koide *et al.*^[@bib15]^ The ligatures were kept in place during the entire experimental period, and after the operation, the G2 and G3 rats received wet food and a syrup drink (100 ml water with 10 g sugar). At the end of the experiment, the marginal gingival tissues containing the alveolar bones and surrounding soft tissues around the maxillary first molars were harvested, and the areas of bone lost were determined.

CS induction
------------

CS was applied daily to the G3 rats from 8:30 to 10:30 am or from 14:30 to 17:30 pm from the 4th day after the induction of periodontitis according to Willner^[@bib16]^ with slight modifications. Each week of the 28-day CS regimen consisted of the following stresses: two periods of food or of water deprivation; two periods of 45° cage tilt; two periods of cage soiling (250 ml water in sawdust bedding); two periods of feet shocking (5 min); two periods of 4 °C or 45 °C swimming (5 min); two periods of tail clamping (1 min); two periods of binding; and two periods of no stress. All of these stresses were applied randomly. This model has been shown to induce CS, as demonstrated by neuroendocrine activation, weight loss and anxiety-like behaviors.^[@bib17]^

Human periodontal ligament fibroblasts (HPDLFs) isolation, culture and characterization
---------------------------------------------------------------------------------------

HPDLFs were isolated from the middle third regions of the roots of the periodontally healthy teeth of adolescents for orthodontic reasons at the PLA Navy General Hospital of Dentistry with the donors\' informed consent. The cells were cultured in stromal cell basal medium supplemented with growth factors (basic fibroblast growth factor (bFGF), insulin), 10% fetal bovine serum and gentamicin/amphotericin-B at 37 °C in humidified air with 5% CO~2~ (Life Technologies, Baltimore, MD, USA). P4 of the HPDLFs (with an initial density of 5 × 10^6^ cells ml^−1^) was observed using inverted microscopy. The viabilities, proliferation and functioning of the HPDLFs were characterized, and histological examinations were performed with light microscopy and scanning electron microscopy 15 days after cell seeding. Only those cells that stained positive for vimentin and negative for cytokeratin were identified as HPDLFs.

Immunocytochemistry
-------------------

The tissues from the maxilla were first perfused with PBS and then with 4% paraformaldehyde for 48 h under physiological pressure before being decalcified in trichloroacetic acid until complete decalcification was confirmed radiographically. After dehydration in graded alcohol, the samples were embedded in paraffin and cut into 6-μm serial sections. The sections were incubated overnight at 4 °C with anti-TH primary antibodies (1:200) and were thereafter processed for 2 h with horseradish peroxidase-conjugated secondary antibodies. The reactions were visualized with the ABC complex (Vectastain), and the representative fields were photographed using a Photometrix CoolSNAP Fx camera (Photometrix, Roper scientific, Tucson, AZ) mounted onto a NIKON Eclipse TE 200 UV microscope.

Western blotting analysis
-------------------------

The periodontal tissue blocks were homogenized and lysed with RIPA lysis buffer (100 m[M]{.smallcaps} NaCl, 50 m[M]{.smallcaps} Tris-HCl, pH 7.5, 1% Triton X-100, 1 m[M]{.smallcaps} EDTA, 10 m[M]{.smallcaps} beta-glycerophosphate, and 2 m[M]{.smallcaps} sodium vanadate and protease inhibitor). Protein concentrations were measured using the micro-BCA protein assay (Pierce, Rockford, IL, USA). A total of 40 mg of protein per lane was separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis and electroblotted onto a polyvinylidenedifluoride membrane using a semi-dry trans-blot apparatus. Then, the polyvinylidenedifluoride membrane was blocked by incubation with 5% nonfat milk in tris buffer saline tween20 buffer at room temperature for 1 h. The polyvinylidenedifluoride membrane was incubated with anti-α1-AR, anti-β2-AR or anti-β-actin antibodies for 1 h at room temperature. Following three washes with tris buffer saline tween20 buffer, horseradish peroxidase-conjugated secondary antibodies were introduced, and enhanced chemiluminescence (ECL, Amersham Pharmacia, NJ, USA) was used for the detections.

Enzyme-linked immunosorbent assay
---------------------------------

The periodontal tissues were treated with a superfusion system; after stimulation with different inducing factors (LPS, phentolamine or propranolol) for 4 h, the supernatants were collected. The inflammatory-related cytokines interleukin (IL)-1β, IL-6 and IL-8 were assayed using an enzyme-linked immunosorbent assay kit (Abcam) following the manufacturer\'s recommendations.

3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide assay
----------------------------------------------------------------------

The HPDLFs were seeded into 96-well culture plates. After 15 days, the cells were treated with the α/β-AR blockers phentolamine/propranolol prior to their exposure to 0, 5, 10 and 20 ng ml^−1^ LPS. The cells were incubated for 24 h or for 48 h at 37 °C and 5% CO~2~, and the culture medium was then replaced with fresh medium containing 5 ng ml^−1^ 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide, in which the cells were incubated for an additional 4 h. Finally, the formazan crystals were dissolved in an SDS-HCl solution, and the optical densities were determined with a spectrophotometer at λ 490 nm.

Data analysis
-------------

The results are presented as the mean±standard deviation (s.d.). Statistical analyses were performed with a paired or an unpaired Student\'s *t*-test for the direct two-group comparisons and the Tukey--Kramer test after a significant one-way analysis of variance *F*-test for the multiple-group comparisons. Differences were considered statistically significant at *P*\<0.05.

Results
=======

Alveolar bone absorption
------------------------

Alveolar bone absorption analysis of the furcation region demonstrated significant differences between G2, G3 and G1 (G2 versus G1, *P*\<0.01; G3 versus G1, *P*\<0.01; G3 versus G2, *P*\<0.05). Ligature placement resulted in significant bone loss in the region of the first maxillary molar (*P*\<0.01) compared with the non-ligated sites. In addition, CS significantly increased the extent of periodontitis at the ligated sites (*P*\<0.05) compared with that in the non-CS-exposed rats ([Figure 1a](#fig1){ref-type="fig"}). These findings suggested that CS can promote the progression of periodontitis.

Enhanced expression of TH in periodontitis following CS
-------------------------------------------------------

The expression of TH in the gingival tissues around the ligated and non-ligated teeth in the G1, G2 and G3 rats was detected by immunocytochemistry. TH is the enzyme responsible for catalyzing the conversion of the amino acid L-tyrosine to L-3,4-dihydroxyphenylalanine,^[@bib18],[@bib19]^ which is a precursor of the important neurotransmitters norepinephrine (noradrenaline) and epinephrine (adrenaline), and it catalyzes the rate-limiting step in the synthesis of catecholamines.

The increased expression of TH in the periodontal ligament cells and in the cytoplasm of macrophages in G3 ([Figure 1b](#fig1){ref-type="fig"}) suggested that CS was able to promote sympathetic activity and stimulate the release of catecholamine neurotransmitters, which negatively affected the gingival tissues.

Elevated expression of AR protein was confirmed in periodontitis
----------------------------------------------------------------

The ARs, particularly norepinephrine and epinephrine, are targets of catecholamines.^[@bib20]^ To clarify the manner by which these stress-related biobehavioral factors accelerate the progression of periodontitis, a further analysis of the AR levels was performed. The α1-AR and β2-receptor (β2-AR) are generally considered to be involved in brain-immune communication. Therefore, we analyzed the protein levels of these two receptors in periodontal tissues with periodontitis with or without CS. As shown in [Figure 2a](#fig2){ref-type="fig"}, after periodontitis induction, the expression of α1-AR markedly increased in the periodontitis group (G2) (G1 versus G2; *P\<0.01*), whereas the group with both periodontitis and CS (G3) exhibited even higher levels of α1-AR expression. However, the protein levels of β2-AR were similar between G1 and G2 (*P\>0.05*) ([Figure 2b](#fig2){ref-type="fig"}) and only increased in G3. These protein expression data demonstrated that the inflammation (ligated sites) associated with CS resulted in significantly increased protein levels of both α1-AR and β2-AR (*P*\<0.01) but that only the α1-AR response to inflammation was caused by simple periodontitis (G2). This suggests that α1-AR may have a more important role in the mechanisms underlying CS-accelerated periodontitis compared with β2-AR.

LPS Simulated the inflammatory environment *in vivo* during periodontitis induction in a superfusion system
-----------------------------------------------------------------------------------------------------------

The superfusion system is a device that was developed by Raiteri\'s laboratory.^[@bib21]^ It is suitable for a variety of applications involving the study of synaptic neurotransmitter release and the exploration of the physiological regulation and effect of agents that interfere with these actions. In this study, we used this system to simulate physiological processes *in vivo*. To promote the inflammatory environment *in vivo* during periodontitis induction, we first stimulated the G3 periodontal tissue slices with different concentrations of LPS to determine the appropriate concentration. Perfusate was collected, and the levels of the inflammatory-related cytokines IL-1β, IL-6 and IL-8 were quantified using an enzyme-linked immunosorbent assay kit.

After stimulation with different concentrations (0, 5, 10 and 20 ng ml^−1^) of LPS for 2 h, a marked increase in IL-1β was observed compared with the control group, which reached a peak when the pretreatment was performed using 20 ng ml^−1^ LPS ([Figure 3a](#fig3){ref-type="fig"}). As shown in [Figure 3b](#fig3){ref-type="fig"}, preconditioning with 10 ng ml^−1^ LPS significantly increased the IL-6 levels, which were elevated by approximately twofold in the 20 ng ml^−1^ LPS-treated groups. A similar situation occurred with the release of IL-8 ([Figure 3c](#fig3){ref-type="fig"}); when stimulated with 20 ng ml^−1^ LPS, a statistically significant difference was observed (*P*\<0.01). All of these results suggested that LPS at a concentration of 20 ng ml^−1^ could effectively simulate the inflammatory environment *in vivo*.

AR Blockade was responsible for the release of inflammatory cytokines in the superfusion system
-----------------------------------------------------------------------------------------------

It has been established that the ARs are targets of catecholamines, particularly norepinephrine (noradrenaline) and epinephrine (adrenaline). To determine whether AR activation mediates CS-enhanced periodontitis, theα1-AR blocker phentolamine (50 μ[M]{.smallcaps}) and β2-AR blocker propranolol (50 μ[M]{.smallcaps}) were applied with 20 ng ml^−1^ LPS in the superfusion system as stimulatory factors for 2 h. The enzyme-linked immunosorbent assay showed that there was a significant CS and phentolamine interaction effect on the inflammatory-related cytokines compared with the control group because the α1-AR blocker phentolamine significantly abrogated the CS-enhanced increases in IL-1β ([Figure 4a](#fig4){ref-type="fig"}), IL-6 ([Figure 4b](#fig4){ref-type="fig"}), and IL-8 ([Figure 4c](#fig4){ref-type="fig"}) as induced by the LPS, whereas the β2-AR blocker propranolol did not affect the cytokine levels. These results revealed that exposure to LPS in a CS environment similar to *in vivo* conditions triggered the release of IL-1β, IL-6 and IL-8, mainly through α1-adrenergic signaling pathways.

LPS-Inhibited HPDLF proliferation in a dose-dependent manner
------------------------------------------------------------

HPDLFs are the most important periodontal ligament cells that are involved in the synthesis and absorption of collagen and that can repair the periodontal ligament collagen to promote recovery from periodontitis.^[@bib22]^ Our previous experiment confirmed that CS accelerated the inflammation of periodontitis; thus, we explored the effects of the ARs on the periodontal ligament cells under inflammatory conditions. As shown in [Figures 5a--c](#fig5){ref-type="fig"}, we observed large numbers of vimentin-positive and cytokeratin-negative cells, indicating that the HPDLFs had been successfully isolated.

To explore the effect of LPS on HPDLF proliferation, the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide assay was used. After stimulation with different concentrations of LPS for 24 h or for 48 h, obvious decreases in the cell proliferation rates were observed compared with the control groups, which peaked following pretreatment with 20 ng ml^−1^ LPS for 48 h ([Figure 5d](#fig5){ref-type="fig"}). These results indicated that LPS restrained HPDLF proliferation in both dose-and time-dependent manners.

Treatments with AR blockers ameliorated LPS-suppressed HPDLF proliferation
--------------------------------------------------------------------------

Reports have shown that increased surface AR expression is associated with enhanced sympathetic activity.^[@bib23]^ To determine whether LPS enhance the sympathetic activities of HPDLFs by modulating AR expression, 20 ng ml^−1^ LPS were applied to the medium for 24 h. Immunohistochemistry showed that LPS tended to increase the surface α1-AR expression compared with the control ([Figure 6a](#fig6){ref-type="fig"}), but no effects were observed on β2-AR expression ([Figure 6b](#fig6){ref-type="fig"}), which is in accordance with the results of the aforementioned *in vivo* protein expression experiment. After preconditioning with the α1-AR blocker phentolamine, the proliferative abilities of the HPDLFs significantly increased compared with the LPS-treated group, indicating that the α1-AR blocker markedly ameliorated the LPS-inhibited cell proliferation ([Figure 6c](#fig6){ref-type="fig"}). However, the β2-AR blockers did not abate the inhibitory effects of LPS on cell proliferation. Collectively, all of these results revealed that LPS triggered the extracellular proliferation of the HPDLFs, mainly through the α1-adrenergic signaling pathways.

Effects of AR Blockade on LPS-induced release of inflammatory cytokines *in vitro*
----------------------------------------------------------------------------------

To investigate whether the AR blockade affected the LPS-induced release of inflammatory cytokines in the HPDLFs, the cells were stimulated with LPS followed by phentolamine or by propranolol for 24 h. Then, the supernatants were collected, and the inflammatory-related cytokines IL-1β, IL-6 and IL-8 were examined. The results showed that both phentolamine and propranolol reduced the IL-1β levels ([Figure 7a](#fig7){ref-type="fig"}), but only phentolamine was able to reduce the IL-6 ([Figure 7b](#fig7){ref-type="fig"}) and IL-8 ([Figure 7c](#fig7){ref-type="fig"}) levels. As expected, α1-AR had an important role in the LPS-induced inflammation of the HPDLFs.

Discussion
==========

Periodontitis is a multifactorial disease that affects the periodontium, which encompasses the tissues surrounding and supporting the teeth.^[@bib24]^ Periodontitis involves the progressive loss of the alveolar bones around the teeth, which leads to their loosening and subsequent loss.^[@bib25]^ In recent studies, microorganisms have generally been considered to be the cause of periodontitis.^[@bib26]^ However, it remains unclear whether bacteria are the only pathogens that cause periodontitis. Over the past decade, environmental risk factors for periodontitis have been extensively studied, and increasing evidence has emerged from epidemiologic studies relating this disease to stress, depression, and negative life events.^[@bib27]^

Stress may be defined as a psycho-physiological response state of an organism facing the perception of a challenge or of a threat to the body, which can bring about physiological and metabolic perturbations.^[@bib28]^ Stress promotes adaptation, but prolonged stress leads to sustained sympathetic activity levels, impaired immunity, atherosclerosis and the atrophy of nerve cells in the brain.^[@bib29]^ Thus, stress is an important factor involved in the etiology and maintenance of many inflammatory diseases, including periodontal disease.^[@bib30]^ Previous studies have suggested that CS causes a net negative effect on the immunological response of body, which leads to imbalances between hosts and parasites, resulting in further periodontal breakdown.^[@bib27]^ Several clinical studies have investigated the possible relationship between psychological stress and periodontitis and have suggested that stress may have a role in the development of periodontal disease.^[@bib30],[@bib31]^ However, the internal mechanisms responsible for the impacts of stress on the development of periodontitis remain unclear.

Because TH is the enzyme responsible for catalyzing the conversion of catecholamines to norepinephrine and epinephrine, the increased expression of TH most likely causes the increased activity of the sympathetic pathway. Therefore, in this study, we first assessed a rodent model of periodontitis using a nylon thread ligature placed around the neck of the maxillary first molar, which was also used in our previous study. Then, multiple stimulations of CS were provided. As the experiment progressed, more severe inflammatory changes were observed in association with the periodontitis of the CS group compared with the simple periodontitis group. At the end of the 30-day experimental period, tissue blocks from the maxilla were collected for further analysis. Diagnoses of periodontitis established by the amounts of bone loss around the teeth demonstrated that CS was able to dramatically promote the progression of this disease. In addition, the pretreatment with CS was able to significantly enhance TH expression levels in the three groups, indicating that CS may accelerate the pathological process of periodontitis via the sympathetic pathway.

When the important sympathetic neurotransmitter catecholamine is converted to epinephrine, it can be captured by ARs on the cell surface and exert biological effects. Among all of the ARs, α1-AR and β2-AR are generally considered to be involved in brain-immune communication. Therefore, we assessed both α1-AR and β2-AR in this study. As expected, the α1-AR and β2-AR protein expression significantly increased following the CS treatment, but only the α1-AR levels were responsive in the periodontitis group. We then investigated whether ARs mediate the underlying mechanisms of the CS-accelerated pathological processes of periodontitis and the roles of these two receptors in the associated molecular signal transduction pathways. We used the superfusion system with LPS to simulate *in vivo* inflammatory reactions. The α1-AR blocker phentolamine and the β2-AR blocker propranolol were applied with the stimulatory LPS to the periodontal tissues of the CS-treated periodontitis rats. The inflammatory cytokine levels of IL-1β, IL-6 and IL-8 were expected to decrease following the α1-AR blocker phentolamine pretreatment in the LPS-treated group. However, the β2-AR blocker propranolol did not greatly affect the LPS-induced cytokine levels. Therefore, these results confirmed that CS-accelerated periodontitis progresses mainly through the α1-adrenergic signaling pathway.

HPDLFs are the most important periodontal ligament cells involved in the synthesis and absorption of collagen. They can repair the periodontal ligament collagen and aid in recovery from periodontitis. Our previous experiment confirmed that pretreatment with CS could accelerate the inflammatory response associated with periodontitis; therefore, to further investigate the mechanisms involved in CS-accelerated periodontitis, we used LPS to simulate the inflammatory environment to explore the manner by which inflammatory processes impact HPDLFs *in vitro*. As expected, in the LPS-simulated inflammatory environment, the proliferation of the HPDLFs markedly decreased and the release of the inflammatory cytokines significantly increased compared with the control group, similar to the pattern of α1-AR expression observed. Interestingly, phentolamine administration significantly attenuated the effects of the LPS-induced decrease in proliferation and increased secretion of IL-1β, IL-6, IL-8. These effects were not apparent in the propranolol-treated group, however. Thus, our data confirmed that CS-accelerated periodontitis progressed through the α1-adrenergic signaling pathways.

In this study, we have shown that CS accelerates the progression of periodontitis by exciting the sympathetic nervous system, resulting in the release of the catecholamine neurotransmitter epinephrine, which is able to bind to the α1-AR on the periodontal cell surface, reducing the biological activities of the cells and causing the massive release of inflammation-related factors. Thus, our study provides novel insight into the manner by which CS accelerates the pathological process of periodontitis and may facilitate the development of a therapeutic strategy for periodontal disease.

This work was supported by the National Natural Science Foundation of China (81070837).

The authors declare no conflict of interest.

![Alveolar bone absorption and the expression of TH in the periodontal tissue. After applying the ligatures for 30 days, alveolar bone absorption around the maxillary first molars was detected, and G3 was found to be more severely affected than G2 (**a**). TH levels in local tissues were monitored by immunocytochemistry. The hyperchromatic areas in the periodontal ligament cells and the macrophage cytoplasm show the increased expression of TH resulting from the CS treatment (**b**). \*compared with G1 *P*\<0.01, ^\#^compared with G2 *P*\<0.05. Scale bar=100 μm.](emm201465f1){#fig1}

![CS exposure increased the expression of the adrenergic receptor protein. G3 was treated with a series of unexpected chronic stresses for 4 weeks, and then, the protein levels of α1-AR (**a**), and β2-AR (**b**) were analyzed by western blotting. \*compared with G1 *P*\<0.01, ^\#^compared with G2 *P*\<0.01.](emm201465f2){#fig2}

![LPS induced the release of inflammatory cytokines in the superfusion system. The diseased periodontal tissue slices associated with the CS group were treated with various doses of LPS in a superfusion system, and then, the release of the inflammatory-related cytokines IL-1β (**a**), IL-6 (**b**) and IL-8 (**c**) was analyzed by ELISA. \**P*\<0.05, \*\**P*\<0.01.](emm201465f3){#fig3}

![LPS induced the release of inflammatory cytokines mainly through α1-AR signaling pathways. To clarify the underlying mechanisms, the AR blockers phentolamine and propranolol were introduced to block α1-AR and β2-ARsignaling. Following pretreatment with the AR blockers, the LPS-induced release of IL-1β (**a**), IL-6 (**b**) and IL-8 (**c**) was analyzed. \*compared with control *P*\<0.05, ^\#^compared with LPS *P*\<0.05.](emm201465f4){#fig4}

![Characterization of HPDLFs by histological examinations with scanning electron microscopy (**a**). Immunohistochemistry analysis: vimentin-positive (**b**) and cytokeratin-negative (**c**) cells in the overlay were identified as differentiating HPDLFs. The HPDLFs were treated with various doses of LPS for 24 h or for 48 h, and then, cell proliferation was analyzed by MTT assay (**d**). Scale bar=100 μm.](emm201465f5){#fig5}

![Effects of ARs on LPS-induced HPDLF proliferation. After stimulation with LPS for 24 h, α1-AR (**a**) and β2-AR (**b**) expression were observed by immunohistochemistry. Then, the AR blockers phentolamine and propranolol were introduced. HPDLF proliferation was also analyzed following the silencing of AR signaling (**c**). \*compared with control *P*\<0.05, ^\#^compared with LPS *P*\<0.05. Scale bar=100 μm.](emm201465f6){#fig6}

![Effects of AR blockade on LPS-induced release of inflammatory cytokines *in vitro.* Following pretreatment with 25 μ[M]{.smallcaps} AR blocker for 24 h, the supernatant was collected, and IL-1β (**a**), IL-6 (**b**) and IL-8 (**c**) levels were examined. \*compared with LPS *P*\<0.05.](emm201465f7){#fig7}
